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ABSTRACT 

T h i s  r e p o r t  p r e s e n t s  a. new a,pproach t o  a c c e l e r a t e d  t e s t i  
The a.pproa.ch c o n s i s t s  of t e s t i n g  s e v e r a l  components t o  f a i l u r e  
i n  an o v e r s t r e s s  condi t ion  and e x t r a p o l a t i n g  t h e  f a i l u r e  d a t a  
Qbtaint3d to t hc  usage candikion, 

While t h e  proposed method i s  n o t  an ul t ima, te  s o l u t i o n  t o  
t h e  problem of r e l i a , b i l i t y  demonstration w i t h  few samples, it 
does r ep resen t  an i n i t i a , l  s t e p  i n  t h e  d i r e c t i o n  of so lv ing  
o v e r s t r e s s  t e s t i n g  problems. I t s  p r i n c i p a l  advantage i s  t h e  
t ime it  sa,ves. A n  a n a l y s i s  of t e s t  data shows r educ t ions  i n  
t z s t  t ime by f a c t o r s  of from 3 t o  2000 compared t o  t ha t  which 
would be requi red  by t e s t i n g  a t  o p e r a t i o n a l  s t r e s s  l e v e l s .  

i n  a ,ddi t ion t o  t h e  proposed t e s t  approach, t h i s  s tudy 
: . ?or t s  t h e  r e s u l t s  of a search of r e l a t e d  l i t e r a t u r e ,  inc luding  
L d e s c r i p t i o n  of  t h e  p re sen t  s t a t e  of t h e  ar t  i n  a c c e l e r a t e d  
- = s t i n g ,  an annotated b ib l iography of prominent documents i n  
xhe f l e l d  of a c c e l e r a t e d  t e s t i n g  f o r  r e l i a b i l i t y ,  and some 

per lmenta l  r e s u l t s  from t e s t s  r epor t ed  i n  t h e  l i t e r a t u r e .  
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1. INTRODUCTION 
Throughout i n d u s t r y ,  the demonstra,tion of t h e  r e l i a b i l i t y  

of mechanical o r  e lectro-mechanical  components wi th in  t h e  
c o n s t r a i n t s  of t ime and money has posed an i n c r e a s i n g l y  d i f f i -  

c u l t  problem. With t h e  advent of the space age,  t h e  need f o r  
a p r a c t i c a l  s o l u t i o n  t o  t h i s  problem has become acu te .  

The s t a , t i s t i c a l  theory  behind r e l i a b i l i t y  demonstration i s  
r e l a t i v e l y  simple. If t h e r e  were no l i m i t s  on t e s t  t ime o r  
money, demonstra,tion of r e l i a b i l i t y  would be easy. The problem 
a r i s e s  because of t h e  need t o  demonstrate r e l i a b i l i t y  quick ly  
and economically. 

T h i s  r e p o r t  p r e s e n t s  a n  approach to a c c e l e r a t e d  t e s t i n g  t o  
demonstrate r e l i a b i l i t y  ba,sed upon t e s t s - t o - f a i l u r e  of over- 
s t r e s s e d  components. ( "Overs t ress"  i s  used i n  t h i s  r e p o r t  as 
any s t r e s s  l e v e l  above that  t o  which t h e  component i s  expected 
to be subjec ted  during normal ope ra t ion . )  
t e s t s - t o - f a i l u r e  a r e  used t o  e x t r a p o l a t e  a f a i l u r e  curve t o  
t h e  mission o r  expected ope ra t ing  environment l e v e l ,  thereby  
pe rmi t t i ng  p r e d i c t i o n s  about t h e  p r o b a b i l i t y  of the  components 
success fu l ly  ope ra t ing  f o r  a s p e c i f i e d  t ime.  

The data from a c t u a l  

The theory  proposed h e r e i n  i s  based on hypotheses which 
were suggested by t h e  f a t i g u e  curves used i n  t h e  a n a l y s i s  of 
s t r u c t u r a l  m a t e r i a l s .  I n  an at tempt  t o  e i t h e r  prove o r  disprove 
these  hypotheses,  t e s t  data a v a i l a b l e  i n  t h e  l i t e r a t u r e  were 
analyzed. ARINC Research found tha t  t h e  data support  t h e  
t h e o r i e s  advanced, b u t  very l i t t l e  s ta t i s t ica l  confidence can 
b: + l a c  3 i n  t h e  r e s u l t s .  However, the method does provide 
th. t e c  tJ engineer  w i t h  an i n t u i t i v e l y  sound engineer ing approach 
t o  o v e r s t r e s s  r e l i a b i l i t y  demonstration t e s t i n g .  



2.  SURVEY OF THE STATE OF THE ART 

To determine t h e  c u r r e n t  methodoLogy and philosophy behind 
ac c e l a  rat ed  t e s-b in , A R I N C  Research studied the existing liter- 
a.ture and found t h a , t  many of t h e  proposed techniques never  
developed p a s t  t h e  conceptual  phases.  The primary reason f o r  
t h i s  l a c k  of development i s  t h e  absence of adequate sample 
s i z e s  from which t o  determine f a i l u r e  d i s t r i b u t i o n s  w i t h  any 
degree of confidence.  Frequent ly ,  however, some form of 
a ,ccelera . t -d  l i f e  t e s t i n g  i s  used t o  a s s e s s  component r e l i a b i l i t y .  
I n  p r i n c i p l e ,  a c c e l e r a t e d  t e s t i n g  i s  designed t o  determine, 
through c ,vers t ress  of one o r  more enviranmentaJ facto,rs, t h e  
ac tua+l  t i m e s - t o - f a i l u r e  of a component i n  l e s s  t ime o r  with 
l e s s  saifqles than would be necessary  i n  a convent ional  r e l i -  
a b i l i t y  t e s t .  These t e s t i n g  methods f r e q u e n t l y  employ an 
a c c e l e r a t i o n  f a c t o r ,  usua.l ly def ined as t h e  r a t i o  of t h e  MTBF 
a t  t h e  a c c e l e r a t e d  cond i t ion  t o  the MTBF a t  t h e  mission l e v e l .  
T h i s  i s  u s u a l l y  obtained f o r  var ious  types  of components. 
However, c o r r e l a t i o n  between t h e  a c c e l e r a t e d  cond i t ion  and t h e  
usage cond i t ion  p r e s e n t s  s e v e r a l  problems. 

One problem i s  tha t  t h e  f a i l u r e  modes i n  t h e  a c c e l e r a t e d  
environment may n o t  be t h e  same as those  that  occur when t h e  
component i s  func t ion ing  i n  i t s  mission environment. An 

exa,mple of t h i s  d i f f i c u l t y  has been observed i n  a s tudy  of 
communications r e c e i v e r s  i n  which ope ra t ion  a t  h igh  l i n e  
vc,,a,ges caused r a p i d  faAlure of audio-output tubes ,  while  
o p e r a t i m  a t  low l i n e  vo l t ages  caused failure of RF o s c i l l a t o r s .  
A Aecor,;x problem i s  t h a t  small e r r o r s  i n  measurement of t h e  
acce le ra t ed  environments can cause l a r g e  e r r o r s  i n  t h e  acce l -  
e r a t i o n  f a c t o r .  
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Abs t rac t s ,  w i t h  p e r t i n e n t  comments, of t h e  s i x  documents 
which ARINC Research cons iders  t o  be t h e  most s i g n i f i c a n t  i n  
t h e  a r e a  of o v e r s t r e s s  t e s t i n g  a r e  inc luded  i n  Appendix A, 
Sect ion  3 desc r ibes  t h e  p.roposed approach t o  o v e r s t r e s s  t e s t i n g  
t o  demonstrate r e l i a b i l i t y .  



3. AN ACCELERATED TEST APPROACH 

3.1 General 

This s e c t i o n  o u t l i n e s  an approach t o  a c c e l e r a t e d  t e s t i n g  
of components which a t tempts  t o  maximize t h e  amount of useful. 
information obta ined  from a t e s t .  The approach p a r a l l e l s  o the r  
o v e r s t r e s s  techniques i n  t h a t  t h e  s t r e s s  l e v e l s  used f o r  t h e  
t e s t  a r e  g r e a t e r  than  t h e  mission s t r e s s  l e v e l .  However, t h e  
a,pproach o u t l i n e d  he re  does n o t  depend upon a c c e l e r a t i o n  f a c t o r s  
a s  do some of t h e  methods p r e s e n t l y  employed. 

The acce le ra t ed  t e s t i n g  technique t o  be o u t l i n e d  he re  w a s  
suggested by t h e  so-ca l led  S-N curve ( s t r e s s  amplitude versus  
t h e  number of c y c l e s - t o - f a i l u r e )  which i s  f r e q u e n t l y  encountered 
i n  t h e  f i e l d  of f a t i g u e .  This curve i s  g e n e r a l l y  of’ t h e  shape 
shown i n  Figure 1. Note t h e  endurance l i m i t ,  which i s  t h e  s t r e s s  
l e v e l  below which t h e  time o r  number of c y c l e s  to f a i l u r e  
inc reases  i n d e f i n i t e l y ;  i . e . ,  no f a i l u r e s  w i l l  be experienced 
below thi,: l e v e l .  

Endurance L i m i t  

Loglo (N-Number Of Cycles To F a i l u r e )  

FIGURE 1 
TYPICAL S-N CURVE 
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It might be reasona.ble t o  expect t h i s  same type of gene ra l  
curve (an inc rease  i n  N f o r  a decrease i n  S )  t o  be a p p l i c a b l e  
t o  t h e  f a . i l u r e  of components subjec ted  t o  such s t r e s s e s  as 
v ibra . t ion ,  temperature ,  and p r e s s u r e .  L imi t a t ions  t o  a p p l i c a t i o n  
of t h i s  type of curve may e x i s t ,  such as t h e  number and types  
o!’ f a i l u r e  modes i n v o l v e d ;  however, acceptance t h a t  such a curve 
e x i s t s  I s  almost i n t u i t i v e .  

If a s e r i e s  of t e s t s - t o - f a - i l u r e  a r e  conducted a t  var ious  
s t r e s s  l e v e l s ,  a f a i l u r e  curve can be obtained by p l o t t i n g  t h e  
t e s t  s tress l e v e l  on t h e  o r d i n a t e  and t h e  time- or cycles - to-  
f a i l u r e  %3n t h e  a b s c i s s a .  The graph i n  Figure 2 r e p r e s e n t s  such 
a f a i l u r e  curve.  

Time t o  F a i l u r e  
FIGURE 2 

TYPICAL FAILURE CURVE 

The method. proposed i n  t h i s  r e p o r t  i s  based on t h e  follow- 
i n g  hypotheses which were suggested by t h e  above f a i l u r e  curve: 

1) There e x i s t s  a component f a i l u r e  curve which can 
be determined by o v e r s t r e s s  t e s t i n g .  

2 )  The s lope  o f  t h e  f a i l u r e  curve becomes l e s s  nega t ive  
as t h e  s t r e s s  l e v e l  i s  decreased ( l i f e ,  N ,  i n c r e a s e s  
as s t r e s s ,  S, decreases) .  

These hypotheses must be v e r i f i e d  by t h e  l i f e  t e s t i n g  of 
s e v e r a l  t ypes  of components b e f o r e  they  can be used w i t h  any 
konf idence.  

6 



If the  hypotheses can be a t  l e a s t  p a , r t i a l l y  s u b s t a n t i a t e d ,  
a, technique can be developed whereby a t  l e a s t  a conserva t ive  
va.lue of a, r e l i a . b i l i t y  pammeter ,  such a s  t h e  es t imated  mean of 
t h e  component l i f e ,  can be demonstrated with l e s s  t e s t  time than 
t h a . t  u s u a l l y  requi red .  

Suppose t h e  a c t u a l  f a i l u r e  curve of a component i s  d e t e r -  
mined by p l o t t i n g  t h e  average t i m e s - t o - f a i l u r e  of f o u r  samples 
a t  eaeh of f o u r  s t r e s s  l e v e l s ,  SI through S4,as  shown i n  Figure 
3. Tne X r s  on t h i s  graph r ep resen t  t h e  t imes - to - f a i lu re  of 
identica.2 components t e s t e d  a , t  va r ious  s t r e s s  l e v e l s .  If t h e  
ilurxlib- shcwn i s  found t o  have t h e  same gene ra l  shape f o r  var ious  
types of components, then t h e  proposed method of a c c e l e r a t e d  
-c?sting could be employed, Note t h a t  t h e  n a t u r e  of t h e  d a t a  i s  
sac11 t ha . t  i t  i s  more convenient t o  p l o t  t h e  logari thm of t h e  
time o r  cyc le  v a r i a b l e  than t o  p l o t  t h e  var ia .ble  i t s e l f .  

Log (Time- o r  Cycles - to-Fa i lure)  
FIGURE 3 

ACTUAL FAILURE CURVE 

3.2 Descr ip t ion  of Approach 

For t h i s  example, t h e  assumption i s  made t h a t  t h e  sample 
s i z e  is approximately t h e  same as t h a t  normally used i n  t h e  
procurement s p e c i f i c a t i o n  ( i . e - ,  f o u r  t o  e i g h t  samples).  
t hese  samples i t  i s  impossible  t o  desc r ibe  t h e  d i s t r i b u t i o n  

From 
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from which they came. 
aft each stress level can be obtained and the failure curve can 
be plotted. 

However, an estimate of the mean life 

Lec us next assume that S is the mission level or  antic- 1 
ipat2d s7;ress level which the component would be expected to 
survive during use (Figure 4). 
the mission stress level (S1), a mean life or an estimate of 
the mean-time-to-failure (e,) can be determined. 

If a life test is performed at 

rn 
m 
a, 
k 

4J m 

s3 

s2 

s1 

e 
e2 1 

Log (Time- or Cycles-to-Failure) 

EXTRAPOLATION OF FAILURE CURVE 
FIGURE 4 

The test time necessary to arrive at this mean-time-to-failure 
is the number of components tested multiplied by the mean-time- 
to-failure (e1) 

In the method proposed, the procedure consists of testing 
half the number of the available identical components to failure 
at each stress level, S and S4* 
failure at each of these stress levels is determined and a 
straight line drawn through these points and extrapolated to 
the mission level. The intersection of the extrapolated line 
with the mission level corresponds to an estimated mean life 
( e 2 )  at the mission level. Then e2 is used as an estimate of 
the mean-time-to-failure at the mission level. This estimate 

The average- or mean-time-to- 3 



is conserva-tive as long as the conditions stated in the hypoth- 
eses asre true. The test time necessary to demonstrate the 
estimate of the mean-time-to-failure at the operating level 
is obtained by summing the times-to-failure of the components 
tested a.t S4 and the times-to-failure of the components tested 
at S3.  

9 



4. DATA ANALYSIS 

I n  order  t o  evalua.te t h e  proposed t e s t i n g  technique,  an 
ana.lysis of t y p i c a l  t es t  data obtained from t h e  l i t e r a t u r e  i s  
presented.  
f a i l u r e  a t  t h e  mission l e v e l  i s  compared t o  t h e  t o t a J  t e s t  t ime 
requi red  K O  p r e d i c t  t h e  t ime- to - f a i lu re  a t  t h e  same l e v e l  by 
using t h e  proposed technique.  A d e t a i l e d  d e s c r i p t i o n  of t h e  
t e s t s ,  t h e  t e s t  da t a ,  and t h e  a n a l y s i s  i s  presented  i n  Appendix 
B. 

The t o t a l  t e s t  t ime requi red  t o  perform a t e s t - t o -  

4 . 1  Data Descr ip t ion  

The da , t a  were obtained from the l i t e r a t u r e  search  and 
c o n s i s t  of r e s u l t s  of t e s t s - t o - f a i l u r e  on i d e n t i c a l  components 
a t  s e v e r a l  environmental l e v e l s .  Data from t e s t s - t o - f a i l u r e  
w L - i v  L - ~  c ained fei* t e n  d i f f e r e n t  components, inc luding  a l i m i t  
switch,  some major s t r u c t u r a l  components of a f i g h t e r  a i r c r a f t ,  
aluminum pane l s ,  and l e a d  supported r e s i s t o r s .  

TrAe t e s t s - t o - f a i l u r e  of t h e  va r ious  components were con- 
ducted i n  d i f f e r e n t  environmental  o r  ope ra t ing  condi t ions ,  
l a j e l e d  as s t r e s s  l e v e l s .  The l i m i t  switch w a s  t e s t e d  t o  
f aL lu re  us ing  c u r r e n t  as t h e  s t r e s s ,  t h e  a i r c r a f t  s t r u c t u r a l  
components were t e s t e d  t o  f a i l u r e  us ing  pe rcen t  of design load  
as t h e  s t r e s s ,  and t h e  l e a d  supported r e s i s t o r s  were t e s t e d  t o  
f a i l u r e  us ing  v i b r a t i o n  as t h e  s t r e s s .  Some of t h e  data a r e  i n  
terms of t ime- to - f a i lu re ;  o the r  data a r e  i n  terms of cyc les - to-  

. f a i l u r e .  

The a v a i l a b l e  data were reviewed f o r  types  of f a i l u r e s  
whlch c,?,curred. This information was n o t '  a v a i l a b l e  f o r  some 
components. The information t h a t  w a s  a v a i l a b l e  i s  inc luded  i n  
Appendix B. For example, 12  f a i l u r e s  of t h e  a i r p l a n e  wing 
occurred a t  4 d i f f e r e n t  p l a c e s ,  10 of t h e  12  f a i l u r e s  occurred 
a t  3 d i f f e r e n t  wing-fuselage at tachments  and 7 of these 10 
f a i l u r e s  occurred a t  t h e  same attachment.  

11 



4.2 Analysis 

The collected data were analyzed in the following manner. 

Times-to-failure at the actual mission level were predicted 
using both the actual c~mp~nsral  fel;;kure curve d the hypoth- 
esized straight l i n e  technique. These times were designated on 
the plotted curves as el and e 2 ,  respectively (see Figure 5). 

e 0 
2 1 

Log (Time or Cycles to Failure) 
FIGURE 5 

The mean-time-to-failure at the mission level (0,)  as 
determined by the actual fa,ilure curve can be read directly 
from the various load-versus-log (time-to-failure) curves. 
The mean-time-to-failure as predicted by the hypothesized 
straight line technique, 02’ can be determined by solving the 
equation of the straight line which passes through the mean- 
times-to-failure at the accelerated test stress levels, S2 

and S 
expression for e2: 

(Figure 5), for e2. This procedure leads to the following 3 
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where, 

S1, S2, and S 

t2 i s  t h e  t e s t  time a t  S2 

3 t i s  the t e s t  t ime a t  S 

9* i s  t h e  p r e d i c t e d  mean time between f a i l u r e s  a t  S1 

aze t h e  s t r e s s  l e v e l s  3 

3 

I n  t h e  p l o t s  of experimental  r e s u l t s  (Appendix B ) ,  t h e  
upper two s t r e s s  l e v e l s  a r e  taken t o  be t h e  a c c e l e r a t e d  t e s t  
s t r e s s  l e v e l s .  Knowledge of el and e2 al lows a measure of 
t h e  conservat ism of t h e  s t r a i g h t  l i n e  hypothes is ,  T h i s  i s  

e, 
I/ done by forming t h e  r a t i o  

becomes more conserva,t ive.  
e2,which i n c r e a s e s  as t h e  p r e d i c t i o n  

I n  an at tempt  t o  demonstrate how much t e s t  t ime t h e  hypoth- 
es ized  t e s t  method would saxe,  an a r b i t r a r y  method of compa,rison 
was devised. T h i s  method assumed t h a t  e i g h t  samples were a v a i l -  
ab l e  f o r  t e s t i n g .  If a l l  e i g h t  of t h e s e  samples were t e s t e d  
a t  t h e  mission l e v e l ,  t h e  t o t a l  t e s t  time would be 

If fou r  sa,mples a r e  t e s t e d  a t  each of t h e  a c c e l e r a t e d  t e s t  
s t r e s s  l e v e l s  (S  
w i l l  be 

and S4 i n  Figure 5) then  the t o t a l  t e s t  t i m e  3 

T2 = 4 ( t2  + t3) 

can be formed. T h i s  r a t i o  i s  a T1 
'T2 

From T1 and T2 t h e  r a t i o  

measure of t h e  t i m e  saved by us ing  t h e  hypothesized t e s t  method. 



‘1.3 Resu l t s  

The r e s u l t s  of t h i s  a n a l y s i s  a r e  summarized i n  Table 1. 
This  ta .ble  p r e s e n t s  t h e  type  of t e s t  conducted, t h e  mean-cycles- 
t o - f a i l u r e  at t h e  mission l e v e l  as obtained by t h e  a c t u a l  f a i l -  
u re  curve (el) and as p r e d i c t e d  by the hypothesized straight 
l i n e  technique (e2), t h e  r a t i o  of e l  t o  Q 2 ,  the number of t es t  
cyc le s  (T1 and T2) t o  demonstrate t h e  mean-cycles- to-fai lure  

f o r  each method and t h e  r a t i o  of t e s t  t imes ( T1 /T ). 
2 

0 
The r a t i o  ’/ i n d i c a t e s  t h e  conservat ism of t h e  p r e d i c t e d  

02 
mean obtained by t h e  s t r a i g h t  l i n e  technique over  that  obtained 
by t h e  a c t u a l  f a i l u r e  curve,  and t h e  r a t i o  of t e s t  t imes 

(T1’T ) measures the  t e s t  cyc le s  saved by us ing  t h e  s t r a i g h t  

li -i t t zhnique .  For example, t h e  data f o r  t h e  a c o u s t i c a l  f a t i g u e  
2 

t e s z  01 t h e  aluminum pane l s  g ives  a 

means t h a t  t h e  mean-time-to-failure 
i s  1.62 t imes t h a t  p r e d i c t e d  by t h e  

r a t i o  of (3 / = 1.62; t h i s  
e2 

obtained from a c t u a l  data 
s t r a i g h t  l i n e  technique.  

T, 
= 179.9, means I The corresponding r a t i o  of  t e s t  cyc le s ,  

that  t h e  number of t e s t  c y c l e s  r equ i r ed  t o  o b t a i n  t h e  mean- 
c y c l e s - t o - f a i l u r e  from a c t u a l  data r e q u i r e s  179.9 times as many 
t e s t  c y c l e s  as tha , t  r equ i r ed  t o  ob ta in  t h e  p r e d i c t e d  mean-cycles- 
t o - f a i l u r e  by t h e  s t r a i g h t  l i n e  technique.  Thus, 179.9 t imes  as 
much t e s t i n g  demonstrates a m e a n  which i s  g r e a t e r  by a f a c t o r  of 
1.62. The r a t i o s  of t h e  means v a r i e d  from 1.10 f o r  the l i m i t  
swi tch  t o  99.34 f o r  t h e  shee t  coupons, and t h e  r a t i o  of t h e  t e s t  
c y c l e s  v a r i e d  from 3.1 f o r  t h e  l i m i t  swi tch  t o  2030 f o r  t h e  
bonded j o i n t s .  I n  a l l  ca ses ,  however, t h e  sav ings  i n  t e s t  
c y c l e s  was g r e a t e r  p r o p o r t i o n a t e l y  than  t h e  conservat ism which 
was common i n  t h e  u s e  of the s t r a i g h t  l i n e  technique.  
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This analysis permi t ted  t h e  fol lowing observa t ions ,  common 
t o  a l l  t h e  components. 

1) The da.ta s u b s t a n t i a t e d  t h e  hypothes is  t h a t  f o r  each 
component a f a i l u r e  curve e x i s t s  t ha t  has a s lope  
which becomes less nega t ive  a s  t h e  s t r e s s  l e v e l  
decreases .  
A l l  r a t i o s  of means i n d i c a t e d  conservat ism and a l l  
r a . t i o s  of t e s t  c y c l e s  i n d i c a t e d  that  a savings i n  
t e s t i n g  r e s u l t e d  by us ing  t h e  s t r a i g h t  l i n e  technique. 

2 )  



5 .  APPLICATION OF PROPOSED TESTING TECHNIQUE 

5.1 Example 
The proposed t e s t i n g  technique descr ibed i n  t h e  previous 

s e c t i o n s  can be app l i ed  r e a d i l y  t o  the  r e l i a b i l i t y  assessment 
of components, provided t h e  assumptions and hypotheses are 
proven v a l i d .  P a r t i a l  j u s t i f i c a t i o n  of t h e  hypotheses was 
obtained by a n a l y s i s  of t h e  l imi t ed  data used i n  t h i s  r e p o r t .  
More complete v e r i f i c a t i o n  would necess i ta t , e  eva lua t ion  of 
similar d a t a  f o r  components i n  genera l ,  i nc lud ing  va lves ,  
r e l a y s .  e t c .  These data w i l l  n a t u r a l l y  become a v a i l a b l e  as 
t i m e  p rogresses  o r  as t h e  r e s u l t  of t e s t i n g  t o  v e r i f y  t h e  
s t a t e d  hypotheses of proposed t e s t i n g  techniques .  

An example i s  presented t o  i l l u s t r a t e  t h e  p o t e n t i a l  use  
of t he  t e s t  approach i n  performing a r e l i a b i l i t y  demonstration 
t e s t .  It i s  assumed t h a t  t he re  i s  a f u n c t i o n a l  d e s c r i p t i o n  
of the  component. a s p e c i f i e d  t e s t  environment and t e s t  
c r i t e r i a ,  and a def ined  t e s t  p l an .  The fo l lowing  information 
i s  assumed t o  be a v a i l a b l e :  

(1) The r e l i a b i l i t y  goa l  is  s p e c i f i e d  by c o n t r a c t u a l  
documents as 0.9995 f o r  t h e  component while  func t ion ing  i n  
i t s  normal mode of opera t ion  f o r  a mission t i m e  of 10 minutes.  

( 2 )  The c r i t e r i a  f o r  success  o r  f a i l u r e  of tkle component 
have been e s t a b l i s h e d  i n  terms of performance parameters and 
q u a n t i t a t i v e  l i m i t s .  

( 3 )  The s i g n i f i c a n t  environments which are t o  be con- 
s idered as p a r t  o f  t h e  l i f e  t e s t i n g  have been determined -- i f  

poss ib l e  b y  f a c t o r i a l  a n a l y s i s  and t e s t i n g  dur ing  component 



development, T h e  v i b r a t i o n  and temperature environments are  
c r i t i c a :  f o r  t h i s  example and the  a n t i c i p a t e d  rnisslon w i l l  n o t  
exceed a maximum v i b r a t i o n  D f  15 gls and a maximum temperature 
o f  2 0 0 O C .  

(4) The t e s t  f a c i l i t y  i s  capable of t e s t i n g  t h e  component 
whi!e i t  i s  func t ion ing  i n  i t s  n3rmal mode of opera t ion  and 
being subjec ted  to t h e  des i r ed  environments. We assume f o r  
t h i s  example t h a t  t he  t e s t  f a c i l i t y  i s  capable of t e s t i n g  t h e  

component i n  i t s  normal ope ra t ing  mode a t  a v i b r a t i o n  l e v e l  of 
50 g l s  and a temperature of 200'6. 

The t y p e  of t e s t  f o r  t h i s  example i s  a s i n u s o i d a l  v i b r a t i o n  
t e s t  a t  a temperature o f  2 0 O o C .  W e  assume t h a t  a s i n u s o i d a l  
sweep t e s t  has been performed on t h e  component i n  o rde r  t o  deter- 
mine t h e  r x s t  severe  resonant  frequency f9r t h e  most c r i t i c a l  
a x i s .  

Severa l  components a r e  t e s t e d  a t  two ove r - s t r e s s  l e v e l s  
9f v i b r a t i o n .  The s e l e c t i o n  of t hese  l e v e l s  i s  a r b i t r a r y ,  bu t  
the  l e v e l s  must be wi th in  t h e  c a p a b i l i t i e s  of t h e  t e s t  f a c i l i t i e s  
and low enough s o  t h a t  t h e  component w i l l  no t  f a i l  as soon as 
t h e  l e v e l  i s  imposed. The l e v e l s  used i n  t h i s  example a r e  
50 g f s  and 40 g ' s .  A t  t h e  first l e v e l  t h e  requi red  number of 
components a r e  t e s t e d  t o  f a i l u r e  a t  a v i b r a t i o n  l e v e l  of 50 g ' s  

and a t  a temperature of 200°C.  A t  t he  next  l e v e l ,  t he  required 
number of  components a r e  t e s t e d  t o  f a i l u r e  a t  a v i b r a t i o n  l e v e l  
of 40 g ' s  and a t  a temperature of 2 0 O O C .  For t h i s  example, 
w e  assume t h a t  f o u r  samples  were tes ted  t o  f a i l u r e  a t  each l e v e l  
and  a mean va lue  was c a l c u l a t e d  from t h e  d a t a  a t  eac5 l e v e l .  
Assume tha t  t h e  mean va lues  thus  c a l c u l a t e d  were found to be 
50 hours at t h e  5'3-g l e v e l  and 96.5 h o u r s  a t  t h e  40-g l e v e l .  
These va lues  are $ l o t t e d  as shown i n  Figure 6 ,  
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FIGURE 6 

EXTRAPOLATION CURVE 
0 

The l i n e  drawn between t h e  mean va lues  a t  t h e s e  two l e v e l s  
i s  ex t r apo la t ed  t o  t h e  mission l e v e l .  The i n t e r s e c t i o n  of t h i s  

l i n e  w i t h  t h e  mission l e v e l  i s  shown as 0 2 ,  which i s  t h e  b e s t  
es t imate  o f  t h e  a c t u a l  MTBF of the  component. T h i s  e s t ima te ,  
ca l cu la t ed  by using t h e  equat ion i n  Sec t ion  4, i s  determined 
t o  be 500 hours .  

The MTBF as est imated from t h e  o v e r s t r e s s  t e s t  can be 
compared w i t h  t h e  requi red  MTBF (eR) f o r  t h i s  component. The 
required MTBF i s  obtained i n  he convent ional  manner from t h e  
spec i f i ed  r e l i a b i l i t y  goa l  of 0.9995 by assuming a exponent ia l  
d i s t r i b u t i o n  of f a i l u r e s .  T h i s  r e s u l t s  i n  a requi red  MTBF f o r  
t h i s  example o f  333.3 hours .  
of 500 hours i s  g r e a t e r  than OR,  t h e  r e l i a b i l i t y  requirement 
has been met. 
required value ( O R ) ,  a dec i s ion  would have to be made concerning 
t h e  requi red  a c t i o n .  There a r e  a t  least three a l t e r n a t i v e s :  

Since t h e  es t imated  MTBF (e,) 

I f  t h e  es t imated  value ( e 2 )  i s  less than  t h e  



(I) Accept t h e  component with an 
t ' j a n  t h a t  r equ i r ed .  

( 2 )  Tes t  more sa 
example more t e s t i n g  
def ine  ',he f a i l u r e  curve .  

(3) Redesign t h e  component p a r t i a l l y  o r  completely 
r e t e s t .  

I n  t h e  example j u s t  presented,  a comparison of t e s t  times 
can be :..ade from t h e  r e s u l t s  of t h e  t e s t  program. O n  the  
basis of  d s a m p l e s ,  4 a t  each o f  t h e  50- and 40-g l e v e l s ,  t h e  
t e s t  t i n e  requi red  t o  demonstrate t h e  es t imated MTBF of  500 

hours  us ing  t h e  o v e r s t r e s s  t e s t  method i s  a t o t a l  of 4 x 50 p l u s  
4 X 96.5 o r  586 hours .  T o  demonstrate t h e  requi red  MTBF of 
333.3 hours us ing  t h e  convent ional  t e s t  method a t  t h e  mission 
l e v e l  w i t h  9 samples would r equ i r e  a t o t a l  tes t  t i m e  o f  
8 X 333 +3 i;r 2666 hours .  
t i m e  ~ 0 ~ ; " ~ : :  be saved .  

For t h i s  example, 2080 hours  of  tes t  

5.2 L imi t a t ions  
I n  t h e  h y p o t h e t i c a l  example which was j u s t  i l l u s t r a t e d  

t h e  environmental  stresses chosen were s i n u s o i d a l  v i b r a t i o n  
and temperature .  Other environmental f a c t o r s  such as random 
v i b r a t i o n  and temperature  could have been used. 

I n  t h i s  example, t h e  s i n u s o i d a l  v i b r a t i o n  environment was 
t h e  o v e r s t r e s s  cond i t ion  w h i l e  t h e  temperature remained cons tan t .  
However, t h e  temperature  environment could have been t h e  over- 

t o  use two ove 
e the  v i b r a t i o n  

h v i b r a t i o n  and 
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These o v e r s t r e s s  environments should be app l i ed  w i t h  

cau t ion .  The hypothesis  as s t a t e d  previous ly  should be 

v e r i f i e d .  whether one o r  more o v e r s t r e s s  cond i t ions  are t o  be 

a p p l i e d .  Overs t ress  condi t ions  such as high temperatures  which 
might cause breakdown of t h e  material of  t h e  equipment and 
r e s u l t  i n  a change of f a i l u r e  mode could be de t r imen ta l  t o  t h e  

t e s t  program. 

It i s  necessary to d i s t i n g u i s h  between ope ra t ing  load and 
environmental condi t ion  as t h e  s t r e s s  l e v e l  i n  developing t h i s  

type of acce le ra t ed  t e s t  approach. Theore t i ca l ly ,  t h e  tes t  
could be performed e i t h e r  by applying a n  ope ra t ing  load  such 
as vo l t age  o r  p re s su re  as t h e  o v e r s t r e s s  condi t ion  o r  b y  
applying an environmental condi t ion  such as v i b r a t i o n  o r  
temperature as t h e  o v e r s t r e s s  cond i t ion .  Careful  cons idera t ion  
should be given t o  determining t h e  type of o v e r s t r e s s  which i s  
to be a p p l i e d .  The o v e r s t r e s s  condi t ion  t o  be used w i l l  depend 
on t h e  ope ra t ing  loads  and environmental cond i t ions  which t h e  
component i s  to be subjec ted  t o  i n  use as w e l l  as t h e  c a p a b i l i -  
t i e s  of  t h e  t e s t  f a c i l i t i e s .  An engineer ing t rade-of f  s tudy 
would determine which o v e r s t r e s s  condi t ion  would be the  most 
p r a c t i c a l .  
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6. CONCLUSIONS AND RECOMMENDATIONS 

The fol lowing conclusions are based on t h e  f i n d i n g s  of t h i s  
study: 

(1) Accelera.ted t e s t i n g  techniques c u r r e n t l y  us ing  acce le ra -  
t i o n  f a c t o r s  (Rat ios  of MTBF a t  two environmental l e v e l s )  are 
r e s t r i c t  e d because : 

Differences i n  f a i l u r e  modes caused by changes 
i n  environments have a s i g n i f i c a n t  e f f e c t  on 
a c c e l e r a t i o n  f a c t o r s .  
Small e r r o r s  i n  measurements of t h e  environments 
have a l a r g e  e f f e c t  on a c c e l e r a t i o n  f a c t o r s .  

(a)  

(b) 

The proposed o v e r s t r e s s  t e s t i n g  approach appears  
f e a s i b l e .  The l i m i t e d  amount of data a v a i l a b l e  v e r i f i e d  t h e  
hypotheses upon which the method proposed h e r e i n  i s  based. 

exh ib i t ed  more than  one mode of f a i l u r e .  This d i d  n o t  appear 
t o  have any s i g n i f i c a n t  e f f e c t  on t h e  proposed t e s t i n g  approach. 

( 2 )  

( 3 )  Some of t h e  data which were c o l l e c t e d  and analyzed 

Based on t h i s  s tudy ,  i t  i s  recommended that :  

(1) The proposed o v e r s t r e s s  t e s t i n g  approach be  considered 
as a r e l i a b i l i t y  assessment technique which can reduce t h e  t ime 
requi red  t o  t e s t  components. 

The s tudy  be continued t o  i n v e s t i g a t e  more completely 
and v e r i f y  t h e  proposed t e s t i n g  approach. Addi t iona l  t e s t  
data should be c o l l e c t e d  and o v e r s t r e s s  f a i l u r e  data on va r ious  
types  of components should be  analyzed. 

( 2 )  
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from a c c e l e r a t e d  t e s t i n g ,  



AUTHORS 

Bush, Thomas L . ,  Anthony P. Meyers, Darwin F, S imonai t i s  

TITLE 

Methods f o r  P r e d i c t i n g  Combined E lec t ron ic  and Mechanical 
System R e l i a b i l i t y  ( F i n a l  Report)  

I l l i n o i s  I n s t i t u t e  of Technology Report N o ,  4 IITRI P r o j e c t  
~186, 1963 

ABSTRACT 

The o b j e c t i v e  of t h i s  program was t o  develop methods, 
r e l a t i o n s h i p s ,  and/or g u i d e l i n e s  f o r  p r e d i c t i n g ,  dur ing  t h e  
design s t a g e ,  t h e  r e l i a b i l i t y  of those  types  of m i l i t a r y  
equipments which make ex tens ive  use of  b o t h  e l e c t r o n i c  and 
mechanical components. A review was made o f  r e l i a b i l i t y  
p r e d i c t i o n  techniques and data a v a i l a b l e  f o r  e l e c t r o n i c  and 
electro-mechanical  components. However, t h e  major e f f o r t  
was concentrated on t h e  problem of developing r e l i a b i l i t y  
p r e d i c t i o n  techniques for mechanical par t s ,  upon which a 
system r e l i a b i l i t y  p r e d i c t i o n  would be based. 

The r e l i a b i l i t y  eva lua t ion  methodology developed i n  t h i s  

program was based upon t h e  u t i l i z a t i o n  of knowledge on 
mechanical f a i l u r e  mechanisms and i t s  a p p l i c a t i o n  t o  major 
p a r t  f a i l u r e  modes, i nc lud ing  t h e  use of a v a i l a b l e  s t a t i s t i c a l  
information on f a i l u r e  mechanisms. The major f a i l u r e  
mechanisms s tud ied  were f a t i g u e  and s u r f a c e  f a t i g u e .  The 
p r i n c i p a l  mechanical p a r t s  s tud ied  were gea r s  ( f a t i g u e  and 
su r face  f a t i g u e  a n a l y s i s )  and r o l l i n g  c o n t a c t  bear ings (us ing  
a v a i l a b l e  f a i l u r e  mode and f a i l u r e  d i s t r i b u t i o n  data) .  I n  
a d d i t i o n ,  t h e  f a t i g u e  r e l i a b i l i t y  concept developed f o r  gea r s  
was a l s o  considered f o r  a p p l i c a t i o n  t o  s h a f t s  and p o s i t i v e  
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engagement clutches. A theoretical model for evaluating 
adhesive wear was also studied; however, more 'information on 
several aspects of related mechanical phenomena is necessary 
before general application of the adhesive wear concept can 
be made in reliability evaluation. The concepts studied in 
t h e  prosram and the reliability prediction technique as 
developed were then demonstrated in a sample evaluation of ' 

an electro-mechanical device, a rotary-drum flight control 
actuator, 

COMMENTS 

Tnis report is the last of four prepared by the Illinois 
1ns:it.l;ite of Technology concerning methods for predicting 
xect.anical system reliability e Although it was directed 
p-"Lmarily towards predicting in the design stage the 
relrability of those equipments composed of both mechanical 
azd electronic components, its contribution to the prediction 

-- -*ellability at later stages is profound. 

L In This report ,, the methodology discussed was concerned 
the optimum use of current information in building reli- 

al;lity prediction techniques f o r  mechanical and electro- 
rnec1,anical components. The work presented in this report 
represents a major advance towards arriving at such techniques. 
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Electro-mechanical Component Reliability 

SOURCE 

APJ Report 309-1, May 1963, Prepared by the American Power 
Jet Company, Ridgefield, New Jersey 

ABSTRACT 

The reliability of mechanical and electro-mechanical 
components is investigated from physical and mechanism-of- 
failure points of view, with the goal of improved design 
practice and specification requirements. 

Observed failure data on the 413L system are used as the 
empirical base f o r  phenomenological and physical analysis. 
Applied model considerations and the implications of assuming 
given failure distributions are studied; new techniques are 
given to verify whether observed data are Weibull in form. 

Fifteen components applicable to ground electronic 
systems are studied in detail: 

Actuators Couplings Potentiometers 
Bearings Electric Components Relays 

C 1 t e he E Gears Switches 
Count e rs Motors Synchros 

Fasteners Rheostats 

For these, a gui given to pertinent failure mechanisms, 
critical causes ilure and correlation with experience 
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data, indicating the relative importance of each cause. 
Materials, manufacturing variability and the influence of 
fabrication are covered from both materials and component 
viewpoints, Current reliability proof requirements and 
criteria f o r  the preparation of a reliability specification 
are discussed 

COMMENTS 

This report presents an extremely valuable contribution t o  
the little known area of electro-mechanical component reli- 
ability. The purpose of the study was to investigate the 
reliability of mechanical and electro-mechanical components 
from the physical as well as mechanisms-of-failure points of 
view, with the goal of improved design practice and specifi- 
cation requirements. Valuable knowledge concerning mechanical 
and electro-mechanical component behavior is contained within 
this document. 

Several areas which would be of particular interest to 
those contemplating accelerated tests of mechanical and 
electro-mechanical components are discussed. Some of these 
are: 

(1) Reasons why the exponential distribution is not 
applicable for mechanical and electro-mechanical components 

(2) Failure modes which sharply distinguish electro- 
mechanical components from their electronic counterparts 

( 3 )  Results of a data search on electro-mechanical 
components 

( 4 )  Results of a 2-year check on the behavior of 
electro-mechanical components in the 413L system 
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(5) A variant failure analysis consisting of fitting 
alternative distributions to data samples of electro-mechanical 
components 

This is a concise report directed primarily toward design 
prac t ice  and specification requirements. Tt also contains 
information relevant to. accelerated testing, particularly for 
mechanical and eleetro-mechanical components. 
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SOURCE 
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Reliability Branch, Rome Air Development Center Research and 
Technology Division, A i r  Force Systems Command, Griffis A i r  
Force Base, New York 

ABSTRACT 

The reliability of selected parts is investigated from 
the viewpoint of materials' behavior throughout parts-materials 
history, including process, fabrication, test, handling, and 
early operation. The parts studied are: Mechanical (bearing 
and gears), Electro-mechanical (brushes and contacts). 

Failure mechanisms were examined on the basis of a 
f t ~ ~ ~ ~ ~ ~ f f  taxonomy. 

S - Stress-Creep Rupture 
C - Corrosion 
W - Wear 
I - Impact 
F - Fatigue 
T - Thermal 

Dominant among the mechanisms of failure were wear and fatigue 
phenomena. 



A multistage process was developed for organizing analytical 
and empirical investigation of part failure causes in a broader 
sense, based on materials' influences which may be statistically 
related to part survival. 
part survival function" was proposed. 

The definition of a "retro 

Data and relationships covering flaw propagation, fracture, 
corrosion, surface fatigue, and the influence of materials and 
manufacture are given for the parts studied. 

COMMENTS 

This report discusses the influences which are significant 
in determining the life expectancy of mechanical and electro- 
mechanical parts, particularly brushes, contacts, gears and 
bearings. Its importance lies in its thorough discussion of 
those factors which are essential to the prediction of the 
reliability of components, An example of this is the chapter 
which recommends an approach to electro-mechanical reliability 
predictions which provides not only a means of organizing data 
and making predictions, but of progressively improving the 
estimate of the underlying distribution. 

A section which should be of interest to statisticians 
and reliability engineers discusses the application of the 
Weibull distribution to describe the failure pattern of 
mechanical components. Significant results are presented. 

This report should prove helpful to anyone concerned 
with mechanical and electro-mechanical parts reliability, 
particularly in the area of prediction. 
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The Reliability Analysis of Non-Electronic Components 

SOURCE 

Technical Memorandum No. RAS-TM-63-2, March 1963, Applied 
Research Laboratory, Rome Air Development Center, Air Force 
Systems Command, Griffiss Air Force Base, New York 

ABSTRACT 

This report deals with the prediction, estimation and 
demonstration of the reliability of non-electronics parts from 
a mechanisms-of-failure point of view. Most reliability work 
performed in the past has been concerned with electronic items. 

Mechanical and electronical components have quite different 
failure responses. Tests and common observations suggest that 
failures vary with time, hence a hypothesis of random failure 
is not a valid one. 

Several techniques for predicting mechanical and electro- 
mechanical component reliability are presented. Lack of maturity 
in the state of the art in predicting mechanical and electro- 
mechanical reliability, as well as the scarcity of empirical 
data in this area, is noted. 

COMMENTS 

This report does not deal specifically with overstress 
testing, but contains important information on predicting 
mechanical and electro-mechanical reliability. The prediction 
-techniques presented are: 
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(1) 

(2) 
( 3 )  A simplified deterministic approach 

The Freudenthal approach to reliability analysis 

The analysis by variance method by Robert Lusser 
of complex mechanical structures 

The advantages and limitations of each method are dis- 
cussed. The author directs attention to the work presently 
being done by the American Power Jet Company in the area of 
mechanical and electro-mechanical component reliability. He 
emphasizes the need to overcome many barriers before any 
appreciable advancement can be made in this area. 
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COMMENTS 

It would be an extensive project to summarize this 
report justly. Therefore, an outline containing the seven 
major topics discussed and those chapters which pertain 
directly to those topics will be presented. Many areas in 
addition to those listed below are thoroughly discussed, 

Engineering Applications of Reliability 

I. Background for Reliability 

II. Tools f o r  Reliability - Statistics 
A. Introduction to Reliability 

A .  Introduction to Statistics 
13.  Continuous Random Variables 
C. Discrete Random Variables 
D .  Test f o r  Significance - Single Variables 
E. Test f o r  Significance - Two Variables 

111. Tools for Reliability - Fracture Analysis 
A. Failure Analysis 
B. Identification of Fractures 
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Tools f o r  R e l i a b i l i t y  - S t r e s s  a 
A .  SLress Analysis  
B. Strength  Analysis  
C .  Fac tors  of S a f e t y  
R e l i a b i l i t y  P red ic t ion  
A .  In ference  Theory 
B. Design L i f e  Fac tors  

Iv. 

V.  

V I .  

C .  Desigr. S t r e s s  Fac to r s  
D .  
E .  R e l i a b i l i t y  of System 
R e l i a b i l i t y  V e r i f i c a t i o n  
A .  Design of Tes t s  
B.  Accelerated T e s t s  

R e l i a b i l i t y  i n  Rol l ing  Contact Fa t igue  

V I I ,  R e l i a b i l i t y  i n  Product ion 
A .  S t a t i s t i c a l  Analysis  
B .  Tolerance i n  Production 
C .  Sequen t i a l  Analysis  

T h i s  r e p o r t  d e a l s  w i th  t h e  s t a t i s t i c a l  as w e l l  as engineer-  
ing  a spec t s  of r e l i a b i l i t y .  A thorough d i s c u s s i o n  of a c c e l e r a t e d  
t e s t i n g  inc luding  small sample s i z e  t e s t i n g  i s  p resen ted ,  T h i s  
i s  probably t h e  most thorough, up-to-date document i n  t h e  
genera l  a r e a  of mechanical r e l i a b i l i t y .  
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TITLE 

Accelerated Life Testing of Guidance Components 

Technical Documentary Report No, ALTDR 64-234, 30 September 
1964, prepared by the Autonetics Division of North American 
Aviation, Inc., Anaheim, California 

ABSTRACT 

The report deals with theoretical developments necessary 
for accelerated testing and with specific hardware considera- 
tions. In the theoretical area, the currently prevalent 
approach to accelerated testing is described and analyzed, and 
is found inadequate. A comparative discussion of various 
failure models is presented, and those most amenable to 
meaningful accelerated testing are developed in detail. Models 
for devices with multiple failure modes are described, and 
pertinent estimation procedures are reviewed, A new method 
for efficient estimation of the failure distribution of repairable 
equipment is presented, In the hardware area, the report 
includes a detailed examination of several space guidance compo- 
nents,’ with emphasis on considerations pertinent to accelerated 
testing. The phenomenon of metallic creep is examined from the 
standpoint of its relation to failures of space guidance 
components, and methods of accelerated estimation of creep 
behavior are examined 

COMMENTS 

Accelerated testing (the types with their limitations 
and feasibility) is discussed in great detail. Attention is 
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focused on the consequences resulting fr 
failure distributions. The importance of mak 
when utilizing accelerated test techniqu 
selection, prediction,and decision is thor 
The use of failure mod.els and their applicat 
testing are discussed. 

The high point of this report is the section which 
describes the applicability and feasibility of accelerated 
life testing of precision electro-mechanical components such 
as gyros, velocity meters, and servo meters. Although the 
presentation is mostly theoretical, the information should 
be valuable to anyone contemplating the use of accelerated 
testing techniques, particularly on mechanical and electro- 
mechanical components. 
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A P P E N D I X  B 

V E R I F I C A T I O N  TESTS AND DATA 

This appendix describes the  tests and t h e  data used  t o  
v e r i f y  t h e  t e s t  approach descr ibed i n  Sec t ion  3. 
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ACOUSTICAL FATIGUE TEST TO FAILURE - 
ALUMINUM PANELS 

1.0 5 10 50 100 8 
2 % 

Time t o  F a i l u r e  -Minutes  

Test  Descr ip t ion  

The aluminum panels  t e s t e d  were subjec ted  t o  a c o u s t i c a l  
e x c i t a t i o n  developed by a d i s c r e t e  frequency no i se  source 
( s i r e n )  , 

Data 

The data were obtained from a graph i n  t h e  referenced 
r epor t  and cons i s t ed  of t imes - to - f a i lu re  a t  va r ious  o v e r - a l l  
no ise  l e v e l s .  
following table:  

The mean va lues  of t h e  data are given i n  t h e  
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Over-All Noise 

The p o i n t  a t  160 db i s  not  considered t o  be statistically 
s i g n i f i c a n t  s i n c e  only one sample was tested a t  t h a t  l e v e l .  
T h i s  p o i n t  i s  not used i n  t h e  c a l c u l a t i o n s .  

Resu l t s  

Ref e rence 

"Symposium on Acous t ica l  Fa t igue" ,  ASTM S p e c i a l  Technical 
Pub l i ca t ion  No. 284, page 55 1960. 
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ViBRClTION FATIGUE TESTS -TO -FAILURE - 
LEAD SUPPORTED RESISTOR 

I 

5 

0 
1 X  105 

Cycles t o  F a i l u r e  

T e s t D e o c I p t i on  

R e s ~ n a r , ~  v i b r a t i o n  t e s t s - t o - f a i l u r e  were performed on 
se-reral. s i z e s  of r e s i s t o r s  so ldered  t o  t e rmina l s  by s tandard  
technicjues. 

Data - 
The p l o t t e d  p o i n t s  r ep resen t  t h e  means of t h e  number of 

cyc le s - to - f a i lu re  a t  each v i b r a t o r y  a c c e l e r a t i o n  amplitude (g)  
which was appl ied  t o  t h e  base  of t h e  components. The d a t a  
K,_”c?Sented he re  were taken from a p l o t  i n  t h e  re ferenced  paper .  
‘ine mean va lues  of the p l o t t e d  data are presented  i n  t h e  
followi.rAg t a b l e ,  
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Vibra t ion  S t r e s s  Number of 

Resu l t s  

6 4 
= 1.55 X 10 cycles ;  e2 = 4 . 9 1 X  10 cyc les ;  /e  = 31.57 

2 

T = 1.24 X 10 7 cyc les ;  T2 = 1.33 x 105 cyc le s ;  T1 = 93.2 1 

Reference 

"Shock and Vib ra t ion  Handbook", Harris and Crede, KcGraw 
H i l l  Book Company, I n c . ,  1961, Volume 11, page 24. 
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Test Description 

Twenty-six unused fighter aircraft were disassembled into 
their major components: wing, horizontal and vertical tail 
surfaces, aft fuselage, and nose and main landing gear. The 
results showLi here are from the tests of the first three 
assemblies. 

The horizontal tail is an all-movable,longitudinal,control 
surface with a geometry based on a 45" sweep angle at the 25% 
chord line. The attachment to the fuselage is statically 
determinate. The all-metal, cantilever, stressed-skin con- 
struction is primarily of 7075-T6 aluminum alloy sheet and 
plate. 

The wings were identical, of all-metal, full-cantilever, 
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s t r e s sea - sk in  cons t ruc t ion  and were i n t e g r a l l y  a t t ached  to 
the c e n t e r  s e c t i o n  of t he  fuse l age .  The wings were of a 
three-spar ,  two-cel l  design w i t h  zero d i h e d r a l  and were swept 
t o  a 45" angle  a t  t h e  25% chord l i n e ,  
s t ruc teC p r imar i ly  of 7075-T6 aluminum a l l o y  ex t rus ion ,  sheet 

The wings were con- 

. and p l a " e .  

The > ~ e r t i c a l  t a i l , . w h i c h  has a sweep angle  of 45" a t  
t h e  quarter-chord, i s  of t h r e e - c e l l ,  two-spar,conventional 
cons t ruc t ion  w i t h  r i b s  a t  an angle  of 4 5 O  t o  t h e  qua r t e r -  
chord and spaced approximately 7 inches  a p a r t .  The v e r t i c a l  
t a i l  i s  f a b r i c a t e d  p r imar i ly  from 7075-T6 aluminum a l l o y  
shee.  and  ex t rus ion .  

An a d d i t i o n a l  16 h o r i z o n t a l  t a i l  su r faces  were made 
ava:-;able for t e s t i n g .  Twenty-four of t h e  h o r i z o n t a l  t a i l  
s u ~ ~ a c e s ,  i2 of t h e  wings, and 8 of t h e  v e r t i c a l  t a i l  
sur i  .ce, vLz?re used f o r  t he  cons tan t  amplitude f a t i g u e  t e s t s .  

The loads  were app l i ed  hydrau l i ca l ly  and d i s t r i b u t e d  
through wif f le  t r e e s  and t ens ion  pads  to t h e  s k i n  t o  simulate 
t h e  load d i s t r i b u t i o n .  Load cyc l ing  was au tomat i ca l ly  
con t ro l l ed  by means of microswitches i n s t a l l e d  on dynamometers. 
Actuation of a switch c o n t r o l l e d  t h e  ope ra t ion  of a hydraul ic  
by-pass va lve  pe rmi t t i ng  t h e  load t o  b u i l d  up o r  f a l l  o f f .  

The load frequency was dependent upon t h e  magnitude of 
t h e  s t r u c t u r a l  d e f l e c t i o n  f o r  t h e  load app l i ed .  For  t h e  wing, 
t h e  frequency v a r i e d  from 3 cpm a t  l i m i t  load t o  10 cpm a t  40% 
of l i m i t  load .  The h o r i z o n t a l  t a i l  load frequency v a r i e d  from 
3 cpm a t  150% l i m i t  load t o  45 cpm at 40% l i m i t  load .  S i m i l a r  
frequency ranges were used f o r  t h e  v e r t i c a l  t a i l  t es t s .  

The minimum load f o r  the  wing tes ts  w a s  es tab l i shed  a t  
1 g (13.33% of design l i m i t  load)  which i s  the normal, 
unaccelerated f l i g h t  load f o r  t he  a i r p l a n e .  The maximum loads 
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app l i ed  to the  wings ranged from 40 t o  120% of des ign  l i m i t  
loads; t h e  100% l e v e l  corresponds t o  7.5 g ' s .  The s t a t i c  
s t r e n g t h  of t h i s  type of wing as determined by manufacturers '  
t es t s  corresponds t o  183% of t h e  des ign  l i m i t  load .  

The h o r i z o n t a l  t e s t  specimens demonstrated a s t a t i c  
s t r e n g t h  of 176% of l i m i t  load i n  t h e  manufac turer ' s  s t a t i c  
t e s t s .  The minimum load f o r  a l l  t e s t s  of both t h e  h o r i z o n t a l  
and v e r t i c a l  t a i l s  was a rb i t ra r i ly  s e t  a t  13.33% of l i m i t  
load t o  o b t a i n  data comparable t o  those  from t h e  wing t e s t s .  
The maximum loads  app l i ed  t o  t h e  h o r i z o n t a l  t a i l  ranges from 
40 t o  :SO% of  l i m i t  l o a d ,  

For  t h e  t e s t s  of t h e  v e r t i c a l  t a i l ,  t h e  maximum load 
ranged Srom 40 to 100% of l i m i t  l oad .  
s t a t i c  s t r e n g t h  as i n d i c a t e d  by t h e  manufac turer ' s  s t a t i c  
t e s t s  was approximately 176% of l i m i t  l oad .  

The v e r t i c a l  t a i l  

For t h e  t e s t s ,  
t h e  v e r t i c a l  t a i l s  were mounted i n  a support  j i g  which c l o s e l y  
m a  ihed t h e  s p r i n g  cons tan t  of t h e  fuse l age  i n  t h e  v i c i n i t y  
o f  rJhe Gttachment f i t t i n g s ,  

The data were obtained from t a b l e s  i n  t h e  r e p o r t  w r i t t e n  
on t h e s e  t e s t s  and cons i s t ed  of cyc le s  t o  f a i l u r e  a t  va r ious  
stress l e v e l s  ( i n  t h i s  case  percent  of des ign  l i m i t  l o a d ) .  
mean va lues  of t h e s e  data a r e  given i n  t h e  fo l lowing  table: 

The 
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Percent of 
Components Design Limit Load 

~ Wing 

Horizontal 
Tail 

150 
125 
100 
80 
60 
40 

I 100 
Vertical 

Tail 
80 
60 
40 

Mean 
Cycles-to-Failure 

760 
2,108 
5,241 
26,923 
149,922 

204 
433 

1,526 
3 9 847 
10,073 
55,952 

712 
1,639 
10,556 
45,022 

No 
Samples 

2 

Types of Failures 

A, Horizontal Tail 
'silures occurred at the fuselage attachment and were 

almost identical. 
B. Wing 
Failures occurred at 4 different places. Ten of the 12 

. failures occurred at 3 different wing-fuselage attachments and 
7 of the 10 occurred at the same attachment. 

C. Vertical Tail 
All failures were similar and occurred at the upper end of 

i:?e attachment of the rear spar to the fuselage attachment fitting. 

55 



Results 

*2 

/€I 2 

T1 

T2 

T1 
'Te 

Reference 

Horizontal 
Tail 

10 .o 

4.48 X lo5 cycles 

2.55 x 103 cycles 

175 .'7 

Wing 

149.92 X 10 3 cycles 

44.98 X IO3 cycles 

3 -34 

11.99 X l o5  cycles 
11.47 X lo3 cycles 

104.5 

Vertical 
Tail 

3 3.11 x 10 cycles 

5.55 

3.60 X lo5 cycles 

9.40 x lQ3 'cycles I 
1 

38.3 I 

______I 

"Ai rc ra f t  Structural Fatigue Research in t he  Navy", M. S. 

Rosenfield, ASTM Special Technical Publication No, 338, 1963. 



TEST-TO- FAILURE 
ELECTRO-MECHANICAL LIMIT SWITCH 
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3 13 4 10 620 1 l o6  

Cycles -t o-Fai lure  

Tes t  J e s c r i p t i o n  

T h i s  test was conducted f o r  t h e  Rome A i r  Development Center .  
The t e s t  cons i s t ed  of cyc l ing  t h e  l i m i t  switch u n t i l  i t  fa i led ,  
f i rs t  by cyc l ing  t h e  switch f o r  a per iod  of continuous energized 
opera t ion  followed by c y c l i n g  t h e  switch u n t i l  f a i l u r e  by 
mechanical forced  ope ra t ion .  
30-amp and 6 0 - m ~  l e v e l s .  A t  the  10-amp l e v e l ,  30,000 cyc le s  
of e lec t romechanica l  ope ra t ions  were completed followed by 
20,000 cyc le s  of mechanical ope ra t ion .  A t  t h e  30-amp l e v e l ,  t h e  

Tes ts  were conducted a t  the  10-amp, 
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l i m i t  switches were operated electro-mechanical ly  f o r  20,000 
c?-cles  followed by 10,000 c y c l e s  o f  mechanical ope ra t ion  and 
a t  -tihe 6G-amp l e v e l  t h e  l i m i t  switches were l i m i t e d  t o  6,000 
c y c i e s ,  followed by 4,000 cyc le s  of mechanical ope ra t ion .  

3ai.a - 
The data used i n  t h e  above graph were obtained from a 

p l o t  of t e s t  r e s u l t s .  The t e s t s  began w i t h  a s p e c i f i e d  
nuaber of samples and were discont inued a f t e r  a s p e c i f i e d  
percentage had f a i l e d .  The mean c y c l e s - t o - f a i l u r e  of only 
chose 
shown 

samples which f a i l e d  a r e  used i n  t h i s  comparison and 
i n  t he  table: 

Ty,;es of F a i l u r e s  

All f a i l u r e s  were e i t h e r  mechanical o r  were caused by 
gumming of t h e  con tac t  points ' .  D i f f e r e n t i a t i o n  was no t  made 
between f a i l u r e  modes. 

Rt3sults 

- 34,167 cyc les ;  = 31,580 cyc le s ;  /e = 1.082 e l  - 

= 3.053 T1 * 
'TZ 

T1 = 273,336 cyc le s ;  T2 = 89,520 cyc le s ;  

3ef'erence 

"Electro-mechanical Component, R e l i a b i l i t y " ,  May 1963, 
WDC-TDR-63-295. 
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Test  Descr ip t ion  

4 10 105 
0 

2 Cycles-To-Failure 

Fat igue t e s t s - t o - f a i l u r e  were run on simple notched s h e e t  
coupons of 7075-T6 aluminum a l l o y .  These t e s t s  were run us ing  
a s inuso ida l  loading  p a t t e r n  of cons tan t  peak amplitude and a 
me& s t r e s s  of -10 k s i .  

A magnet ic- tape-control led f a t igue - load ing  machine w a s  
assembled from a v a i l a b l e  equipment. The system cons i s t ed  
e s s e n t i a l l y  of a magnetic t a p e  playback u n i t ,  associated e l e c -  
t r o n i c  a m p l i f i e r s ,  c a l i b r a t i o n  equipment, l o a d  monitoring tape  
recording system, and an osc i l l og raph .  The ampl i f ied  magnetic 

6 
1 
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t,a.pe load-demand s igna, l  was f e d  through a summing junc t ion  t o  
a. h fghly  s e n s i t i v e  e l e c t r o h y d r a u l i c  servo-vaJve which c o n t r o l l e d  
t h e  p r e s s u r e  on each s i d e  of a 17,000 1b. -capac i ty ,  double- 
a c t i n g ,  hydrau l i c  loading  j ack .  The f a t i g u e  t e s t  specimen was 
coupled i n  s e r i e s  t o  t he  hydrau l i c  j ack ,  through a c a l i b r a t e d  
e l e c t r i c a l  s t r a in -gage  load-measuring c e l l .  

The test specimens were 3 inches  wide and 0.040 inch  t h i c k .  
A t h e o r e t i c a l  e l a s t i c  stress concent ra t ion  f a c t o r  of 7 was 
achieved by d r i l l i n g  a s e r i e s  of c e n t r a l  h o l e s  i n  t h e  specimens 
t e s t e d .  Floa, t ing edge-grooved s t i f f e n e r  b locks  were i n s t a l l e d  
to prevent  buckl ing under t h e  maximum compressive loads .  

Data 

The d a t a  were taken from a t a b l e  of r e s u l t s  presented  i n  

The mean 
t h e  t e s t  r e p o r t  and cons i s t ed  of number of c y c l e s - t o - f a i l u r e  
a.s a f u n c t i o n  of t h e  s t r e s s  amplitude (S-N c u r v e s ) .  
va loes  of t h e  number of c y c l e s  t o  f a i l u r e  a r e  given i n  t h e  
fo l lowing  t a b l e :  
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Results 

8 
1 

0 = 814,088 cycles; e = 8,195 cycles; /e = 99.3396 

T~ = 6,512,700 cycles; T2 = 20,636 cycles; 

1 2 

= 315.599 T1 
'T2 

.I Kefereric e - 
' 'A-L Engineering Evaluation of Methods f o r  the Prediction of 
Fatigue Life in Airframe Structures", Crinchlow, W, J.; 
NcCulloch, A. J.; Young, L.; and Melcon, M. A , ,  Air Force 
Systems Command, Wright-Patterson Air Force Base, Ohio, 
Technical Report No. ASD-TR-61-434, March 1962, p .  271, 



A X I A L  LOAD P A T i G U E  TESTS TO F A I L U R E  - 
A D H E S I V E  BONDED JOINTS 
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Kilocycles  to F a i l u r e  

Tes t  Descr ip t ion  

t e s t s  o f  s i n g l e  adhes ive  bonded l a p - j o i n t s .  
, ' o i n t  ove r l ap  was 1/2 i n c h  and t h e  w i d t h  was 1/2 i n c h .  
m a t e r i a l  t e s t e d  was 0.063 i n c h  t h i c k  c l a d  202hT3 aluminum 
a i l o y .  
f i lm system. 
P l a s t i c  and Composite Branch, Nonmetallic Materials Laboratory,  
ASD. The metal  s u r f a c e  p repa ra t ion  and bond c u r e s  f o r  a l l  t e s t  
specimens were t h e  same as those  used when the  adhes ive  was 
q u a l i f i e d  under MIL-A-509073. According t o  t h e  s t anda rd  bonding 
procedure,, t h e  adhes ive  bonded j o i n t s  were r e in fo rced  w i t h  

glass f i b e r s  f o r  h ighe r  cohesive s t r e n g t h  of t h e  bonding. 

The da ta  shown weie obta ined  from a x i a l  loading  f a t i g u e  
The l e n g t h  of  t h e  

The 

The a d h e s i v e  was a vinyl-phenol ic  type  FM-47 l i q u i d  
All j o i n t  specimens used were prepared  by t h e  

62 



The tests were conducted on a constant f.requency type, 
300 kg., Schenck fatigue-testing machine at a frequency of 
3600 cpm with the rati3 of minimum-to-maximum stress being 
R = 0.10. The specimens were clamped at one end to the load 
transmitting side and at the other to the dynamometer. The 
dynamometer was comprised of a calibrated steel ring and 
reading microscope. The deflection of the ring dynamometer 
was measured with the microscope, which had a magnification 
of 25OX. A constant amplitude cyclic load was applied and 
maintained accurately to within 1 to 3% of the maximum load. 

Data - 
The data presented were taken from a table of results 

in the report of these tests and consist of kilocycles-to- 
fallure at various stress levels. The mean values of these 
cycles-to-failure are given in the following table: 

Repeated Stress 
of Sheet - Max. psi 

19,250 
16.200 

12 , 550 
9,520 
6,660 
6,540 
4,760 

Mean of Kilocycles- 
to-Fai lure 

3.66 
8.30 

42.3 
231 

2 , 002 

901 
12.060 

Number of 
Samples 



On the p l o t  of t hese  r e s u l t s  t h e  lower case  p o i n t s  a t  6,660 p s i  
and 6,540 p s i  were not considered s t a t i s t i c a l l y  s i g n i f i c a n t  
because only one s a m p l e  was tes ted a t  each of t h e s e  stress 
l e v e l s .  

Types OS' F a i l u r e  

All of t h e  specimens t e s t e d  f a i l ed  i n  the  FM-47 bonding. 
The adhesive debonded, and some of t h e  glass f i b e r s  f r a c t u r e d .  

Results 
0 
1 

0 = 12,060 Kilocycles;  = 186.1 Kilocycles;  /e = 6,480 
1 2 

= 2,016 T1 T1 = 96,Lc80 Kilocycles;  T2 = 47.84 Kilocycles;  
/T2 

Reference 

l i  -n' Lrie E f f e c t  of  S t r e s s  D i s t r i b u t i o n  on the  Fat igue Behavior 
GJ' Adhesive Bonded J o i n t s " ,  D. Y .  Wang, Technical Documentary 
R e p o r t  no. ASD-TDR-63-93, J u l y  1963. 
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FATIGUE TESTS-TO-FAILURF: - 
L65 LUGS 

4800 

4400 

4000 

3600 

3200 

2800 

2400 

2000 

1600 
lo4 loo 

e 2  
Number of Cycles- to-Fai lure  

Test  Descr ip t ion  

Nine AWA L.A. ~ 6 5  l u g s  were t e s t e d - t o - f a i l u r e .  The s t r e s s  
cyc les  were completely r eve r sed ,  The lugs were not  bushed nor  
were i n t e r f e r e n c e  f i t s  used. 



Data 

The data presented here  were tak 
refe:renced work. These d a t a  c o n s i s t e  
t o - f a i l u r e '  a t  va r ious  s t r e s s  l e v e l s  ( 
.of cycles-to-failure'at the respective stress l e v e l s  are 

Net A l t .  St ' ress 
p s i  

4750 
3900 
1800 

given i n  t h e  fo l lowing  t a b l e :  

' Mean Number of 
Number of Cycles- Samples 

to -Fa i lu re  

84,000 . 4 
175 , 000 2 

5,600,000 3 

Resul t s  

6 6 5 
0 = 5.6 X 10 cyc le s ;  e2 = 1.07 X 10 cyc le s ;  / e  = 5.23 
1 2 

rn 
-9 

/T2 = 43*24 
7 = 1.036 X 10 6 cycles ;  T1 = 4,480 X 10 cycles ;  T2 

Ref e renc e 

I f  Fat igue  Lessons Learnt  From t h e  Argosy", Troughton, A .  J. ,  
Rymand, R .  J. ,  and McClellan, G . ,  A l e c t u r e  given by A .  J ,  
Troughton t o  t h e  ICAF/AGARD Fat igue Symposium P a r i s  on 17 
May 1961, Proceedings of  Symposium on Fa t igue  of Ai rc  
S t r u c t u r e s ,  P a r i s ,  May 16-18, 1961, The MacMillian Company, 
New York, N .  Y . ,  1963. 
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I 

FATIGUE TEST-TO-FAILURE - 
COMPOSITE BEAM 

l o 4  105 
9 e 
2 1 

. Cycles- to-Fai lure  
Test  Descr ip t ion  

The specimens t e s t e d  were 49-inch long.  composite beams 

which cons i s t ed  o f  two 1 1/2 by 5/8 by 1/8-inch channels and 
two 1/4 by 2-inch s t r i p s ,  a l l  of 7075-T6 aluminum a l l o y .  A 

5/8 by 3/4-inch s t e e l  s p l i c e  bar separa ted  t h e  two channels  
and was symmetrically pos i t i oned  with r e s p e c t  t o  the median 
plane of tP , e  specimen. 
i n  accordance w i t h  convent ional  a i r c r a f t  manufacturing prac- 
t i c e s  by t h e  Aeronaut ica l  S t r u c t u r e s  Laboratory of t h e  Naval  
A i r  Mater ia l  Center i n  Ph i l ade lph ia .  The specimens were 
bel ieved t o  have been f a b r i c a t e d  from d i f f e r e n t  ba t ches  of 

The beam specimens were f a b r i c a t e d  



material .  A pneumatic c y l i n d e r  was used to apply loads  a t  
f r equenc ie s  :>f about 15 t o  40 cpm, depending on t h e  amplitudes 
sf t!ie l o a d s .  T h i s  c y l i n d e r  appl ied  t h e  loads  t r a n s v e r s e l y  t o  t h e  

c e n t e r  of t h e  simply supported beam. The simple suppor ts  were 
bea r ings  and f l e x u r e  p l a t e s  which provided r o t a t i o n a l  and 
t r a n s l a t i o n a l  freedom, r e s p e c t i v e l y .  The f l e x u r e  p l a t e s  i n t r o -  
duced a l o n g i t u d i n a l  s t r e s s  of 100 p s i  i n t o  t h e  specimen when 
a t r a n s v e r s e  load o f  5,000 l b  was a p p l i e d .  The e f f e c t i v e  
l eng th  of Lhe beam specimen from bear ing  t o  bear ing  was 53 inches.  
The load was a p p l i e d  to t h e  specimen by a p i n  pas s ing  through 
a snug f i t t i n g  hole  i n  t h e  loading  f i x t u r e  and t h e  specimen. 
The f a c e s  of t h e  loading  and support  f i x t u r e s  which con tac t  
t he  specimen a r e  s e r r a t e d  t o  prevent impacting and f r e t t i n g  
o f  t h e  specimen I n  load cyc le s  which pass  through ze ro .  Two 
dynamometers were i n s e r t e d  between t h e  p i s t o n  pod of t h e  
pneumatic c z l i n a e r  and t h e  specimen. One of these monitored 

and minimum load as they  were appl ied ;  t h e  o t h e r  
served a:; a load-sensing element.  S t a t i c  t e s t s  were made on 

er,s frorr, each of  t he  t h r e e  specimen shipments. 
L i m i t  l ~ a G  was c a l c u l a t e d  by applying a 1.5 f a c t o r . o f  safety 
t o  t h e  measured s t a t i c - s t r e n g t h  va lues .  I n  each t e s t  t h e  
load was cycled between a cons tan t  predetermined load l e v e l  
and 14.3% of l i m i t  l oad .  

Data 

The data were taken from t h e  publ ished t e s t  r e p o r t  and 
cons i s t ed  or' t h e  t imes - to - f a i lu re  a t  va r ious  s t r e s s  l e v e l s  
expressed Ln percent  of  des ign  l i m i t  l o a d ,  The mean va lues  
of t h e  n-mker of c y c l e s - t o - f a i l u r e  are given i n  t h e  fo l lowing  
table:  
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I I 

Design L i m i t  
Load 

Percent  

100 

80 

60 
40 

Number of  Cycles 
t o  F a i l u r e  

2 , 200 

6,300 
11, goo 
85,700 

Number of". 
Samples ' ,  

\ 

\ 

4 
2 

3 
2 

Tb-?es ~f F a i l u r e  

Nearly a l l  f a i l u r e s  occurred a t  t h e  c e n t e r  of t h e  specimen 
o r  &t one r i v e t  spacing away from the c e n t e r .  Freqiient Anspec- 
vI.c;rls u sua l ly  d i d  no t  r evea l  t h e  presence of f a t i g u e  c racks  
r;inLor t o  f a i l u r e .  I n  t h e  few cases  where c racks  were de tec t ed ,  
a t  l e a s t  93% of t h e  u l t i m a t e  l i f e  had e l apsed .  

Resul t s  

81 e = 85,700 cyc les ;  0 - 51,910 cyc les ;  /e = 1.651 
1 2 -  2 

= 20.141 T1 
'T2 

= 665,600 cyc les ;  T2 = 34,040 cyc les ;  T1 

Reference 

"Programmed Maneuver-Spectrum Fat igue Tes t s  of A i r c r a f t  Beam 
Specimens", Mordfin, L , ,  Halsey, N . .  Symposium on Fa t igue  
T e s t s  of A i r c r a f t  S t r u c t u r e s  Low-Cycle, F u l l - s c a l e ,  and 
Hel icopters ,  ASTM S p e c i a l  Technical Pub l i ca t ion  No. 338, 
October 1562, p p .  251-272. 


